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The physical properties of poly crystalline Ce3_a;Te4 were investigated by measurements of the 
thermoelectric properties, Hall coefficient, heat capacity, and magnetization. The fully-filled, metal- 
lic x—0 compound displays a soft ferromagnetic transition near 4K, and analysis of the correspond- 
ing heat capacity anomaly suggests a doublet ground state for Ce 3+ . The transition is suppressed 
to below 2 K in the insulating £=0.33 composition, revealing that magnetic order in Ce3_a,Te4 is 
driven by an RKKY-type interaction. The thermoelectric properties trend with composition as 
expected from simple electron counting, and the transport properties in Ce3Te4 are observed to be 
similar to those in La3Te4. Trends in the low temperature thermal conductivity data reveal that 
the phonons are efficiently scattered by electrons, while all compositions examined have a lattice 
thermal conductivity near 1.2W/m/K at 200 K. 



PACS numbers: 73.50.Lw,72.15.Eb 

I. INTRODUCTION 

Rare-earth (R) chalcogenides (Ch) often adopt the cu- 
bic TI13P4 structure-type P and these compounds support 
a compositional range (Rz-xChi) associated with R va- 
cancies (0 < x < 1/3). These materials are promising 
for high temperature thermoelectric application due to 
their desirable transport properties, as well as thermal 
stability. The free electron concentration n is directly 
proportional to the rare-earth content, with the number 
of free electrons per formula unit given by 1 — 3a;. The 
transport properties vary from metallic to insulating as 
x increases from to |, and thus the inherent ra-type 
thermoelectric performance can be rationally optimized 
via composition without introducing additional elements. 
Early works on these materials identified promising per- 
formance above 1000 K, and were nicely summarized by 
Wood.E 

Recent work on La3_ ;E Te4 generated a renewed interest 
in these materialspl in part due to the possibility of us- 
ing Ybi 4 MnSbn as thep-type leg in a high-temperature 
thermoelectric couplePS It has been shown that while a 
relatively simple optimization scheme achieves large ther- 
moelectric efficiency in La3_a;Te4, a single band model is 
not an accurate description of the conduction band for 
the optimum compositions. Rather, the conduction band 
is composed of lighter bands at the band edge and heavier 
bands roughly 0.3 eV higher in energy!^ In Ce3_2;Te4, the 
heavy bands are calculated to be ^0.15 eV from the band 
edgeP This results in a relatively broad range of compo- 
sitions that yield large thermoelectric performance, and 
is thus a desirable band structure from an application 
standpoint. Thus, it is not surprising to find a wide range 
of compositions suggested as the optimum thermoelectric 
composition in the literature!^ Chemical substitutions 
have b een considering for facilitating the optimization 
process^! or examining pertinent electron and phonon 
scattering mechanisms 

To a large extent, the recent interest in La3_a;Te4 is 
associated with the demonstration that it can be repro- 



ducibly synthesized in large quantities. This is achieved 
using the low-temperature, solid-state synthesis route of 
ball milling (mechanical alloying). High- melting temper- 
atures and complications in the phase diagrams motivate 
the desire for a low-temperature synthesis route in these 
materials. This process begins with the pure elements, 
and in the case of La3_ a: Te4 and Ce3_ x Te4 produces sin- 
gle phase powders that are then hot pressed to yield dense 
samples. It is important to stress that in these materials 
ball milling is utilized for synthesis, and not for parti- 
cle size reduction. While the powders produced contain 
small grains, the materials them selve s have low thermal 
conductivities and low mobilities LMiiJ and thus the grain 
size generally has little influence on the transport prop- 
erties when the grain boundaries are not oxidized. This 
is particularly true at the high temperatures where these 
materials would operate in a thermoelectric device. 

Wang et al. suggested that a large peak in the density 
of states above the Fermi level may lead to anomalously 
large thermoelectric efficiency for the metallic Ce3Te 4 
(x = 0)P At the materials level, thermoelectric efficiency 
is quantified via zT = , where a is the Seebeck coef- 
ficient, p the electrical resistivity, and n the thermal con- 
ductivity. Most state-of-the art thermoelectric materials 
have zT ranging from 1 to 1.5 at the hot-side operating 
temperature. La3_^Te 4 reaches zT=1.2 at 1273 K for 
x ^0.2, and it was proposed that zT >10 may be achiev- 
able in Ce3Te 4 . We note that high temperature trans- 
port properties of Ce3_a;Te4 were investigated by Zhuze 
et al. in 1970pl but the temperature-dependent data for 
Ce3_ x Te4 were not shown and their report stated that 
all i?3_a;Te4 examined behaved qualitatively similar. 

One primary goal for this study is to examine the ther- 
moelectric efficiency of Ge^-xTe^ and determine whether 
or not a large thermoelectric efficiency is likely. To 
that end, polycrystalline samples have been prepared 
and their thermoelectric properties were measured below 
room temperature. The results are compared to those for 
La3Te4, which has no tendency toward mixed valency or 
Kondo interactions, and does not have any / electrons 
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that might influence transport. While these materials 
would be utilized at high temperatures (T > 1000 AT), 
the transport properties are sensitive to band structure 
features at low temperatures and thus this basic charac- 
terization is expected to provide significant insight into 
the general thermoelectric behavior of Cea-zTe^ Spe- 
cific heat and magnetization measurements have also 
been performed to complete the characterization of basic 
physical properties. Taken together, these results indi- 
cate that transport in Ce3_;ETe4 is not strongly influ- 
enced by the /-levels, and efficiency similar to that in 
La3_a;Te4 will likely be observed at high temperatures. 
It is also shown that the cerium moments order ferro- 
magnetically near 4K for the x — compound, and 
this ordering is suppressed as cerium vacancies are in- 
troduced. To probe the influence of disorder and charge 
carriers on the magnetism, a sample of Ce2.67Lao.33Te4 
was prepared because this composition contains a simi- 
lar degree of Ce-site disorder as Ce2.67Te4, but is metallic 
not insulating. Taken together, the magnetization mea- 
surements demonstrate that the observed ferromagnetic 
ordering of Ce moments is clearly driven by Ruderman- 
Kittel-Kasuya-Yosida (RKKY) indirect exchange inter- 
actions. 



II. METHODS 

Polycrystalline samples of Ce3_a;Te4 with x — 
0,0.15,0.25,0.33, as well as Ce 2 .67La .33Te4, were pre- 
pared via ball milling and hot pressing. Cerium and/or 
lanthanum ingots (Ames laboratory) were cut or filed 
and combined with tellurium pieces (Alfa, 99.999%) in- 
side a helium glove box. A SPEX SamplePrep 8000- 
series Mixer/Mill was utilized, and milling occurred with 
a tungsten carbide lined vial utilizing two tungsten car- 
bide balls. Total masses of 5-7 g were loaded, and six 
hours of milling were performed during approximately 8- 
9 h. Hot pressing occurred in a graphite furnace and a 
high density graphite die was utilized with a grafoil liner 
to isolate the sample. The graphite die had an inner 
diameter of approximately 10 mm and an 8.8 mm diame- 
ter graphite rod compressed the sample with a maximum 
force of 500 kg. Sintering generally occurred by ^1223 K, 
while rapidly ramping the temperature, as observed via 
the ram travel. The samples were annealed at 1373 K for 
two hours, with the force being completely removed af- 
ter one hour. Samples were cooled to 973 K at 100 K/h, 
and then the furnace was turned off. Geometric densities 
were greater than 95% of the theoretical densities calcu- 
lated assuming nominal compositions and the refined lat- 
tice parameters. The cylindrical samples were cut using a 
low speed diamond saw with glycerol for lubrication, and 
bar shaped samples were prepared for transport property 
measurements. The samples were found to oxidize slowly 
in air at ambient conditions, and were stored in a glove 
box. Measurements in an ULVAC ZEM-3 failed due to 
oxidation below ~700 K, and thus it is clear the samples 
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FIG. 1. (color online) Representative powder x-ray diffraction 
data are shown for a hot pressed sample of nominal compo- 
sition Ce2.85Te4. Only a very minor amount of the primary 
impurity phase (Ce202Te) is generally observed. 



are highly air sensitive at elevated temperatures. For 
comparison, a sample of La3Te4 from Ref. [T^] that was 
produced through similar methods was cut for thermal 
transport measurements after being stored under argon. 

Sample quality was examined via powder x-ray diffrac- 
tion using a PANalytical X'Pert Pro MPD with a Cu K aA 
monochromator. Rietvcld refinements were performed 
using the program FullProfP^ Powder diffraction experi- 
ments performed after 12-24 h of air exposure revealed a 
minor weakening of intensity, but no decomposition was 
observed. 

Particle size and crystallinity after hot pressing were 
investigated by transmission electron microscopy (TEM) . 
TEM characterization was carried out in a Philips 
CM200 microscope operating at 200 kV and equipped 
with a Schottky field-emission gun. TEM specimens were 
obtained by sprinkling finely ground powders onto Cu 
grids coated with a holey carbon film. Powders were 
ground in a He glove box, and were kept under He until 
the time of measurement to minimize exposure to air. 

Transport measurements were completed in a Quan- 
tum Design Physical Property Measurement System 
(PPMS) and magnetization measurements were per- 
formed in a Quantum Design Magnetic Property Mea- 
surement System using a SQUID magnetometer. Elec- 
trical contacts were made with DuPont 4929N silver 
paste. During thermal transport measurements, silver 
epoxy (H20E Epo-Tek) was utilized to provide mechani- 
cal and thermal contact, and the silver paste provided 
improved electrical contacts. For the semiconducting 
Ce2.67Te4 sample, gold was sputtered on the sample to 
further improve the contacts prior to electrical and ther- 
mal measurements. Hall coefficients (Rh) were obtained 
on thinned samples (thickness less than 0.35 mm) from 
a fit of the Hall resistance versus magnetic field, with 
maximum fields of ±6 T employed. 
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TABLE I. Selected parameters from refinements of powder x-ray diffraction data for Ce3_ a; Te4 and related compounds examined 
at room temperature. The Te position is at (x,x,x), and Ce(La) resides at (0.375,0,0.25). Refined fractional occupancies are 
shown for Ce(La), where the lower limit of x = | would equal 0.889. The occupancy provided for the mixed Ce/La compound 
is the total site occupancy, which was obtained by refining Ce content while fixing the La occupation at its nominal 1/9. 



nominal composition 


Ce 3 Te 4 


Ce2.85Te 4 


Ce 2 .75Te 4 


Ca2.67Te4 


Ce2.67La .33Te 4 


La3Te 4 


a(A) 


9.53974(6) 


9.53677(6) 


9.53465(4) 


9.53529(4) 


9.54993(6) 


9.62603(5) 


Ce(La) occupancy 


0.96(1) 


0.94(1) 


0.90(1) 


0.86(1) 


0.97(1) 


0.97(1) 


Te position 


0.07483(11) 


0.07415(12) 0.07444(10) 0.07412(10) 


0.07495(12) 


0.07518(9) 


x 2 


1.38 


1.27 


1.49 


1.70 


1.33 


1.34 


Ftp I Rwp 


8.36/10.9 


9.12/12.1 


8.89/11.5 


9.19/12.2 


9.13/12.2 


8.68/11.9 



III. RESULTS AND DISCUSSION 



Chemical Characterization 



The as-milled materials produced powder x-ray diffrac- 
tion (PXRD) scans consistent with the TI13P4 structure 
type, though peaks were very broad and of low inten- 
sity. After hot-pressing, the PXRD scans on hand-ground 
powders revealed high-purity, well crystallized samples. 
A typical diffraction scan and the corresponding refine- 
ment are shown in Figure [T] Only very small amounts 
of the secondary phases can be identified in the pow- 
der diffraction data. Ce202Te is the primary impurity 
phase, with a maximum refined weight fraction of 1.1% 
(observed in the x = sample) and 1.9% of La2C>2Te was 
observed in the La3Te4, which was originally character- 
ized in Ref[T2] In addition to this oxytelluride, CeTe (0.7 
wt.%) was observed in the sample with nominal composi- 
tion Ce2.67Lao.33Te4 with a refined main phase purity of 
98.9 wt.%. Refinements also revealed the expected trend 
in cerium concentration, as shown in Table [i] Finally, the 
PXRD data for the La substituted sample reveal a lat- 
tice parameter that is nearly identical to that expected 
from Vegard's law assuming nominal composition and the 
end-member lattice parameters listed in Table [I] 
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FIG. 2. Temperature dependence of the (a) absolute value 
of the Hall carrier density (n-type) and (b) the Hall mo- 
bility in metallic Ce 3 _ :E Te 4 samples. Data for two samples 
(different symbol filling) are shown for each composition to 
represent the distribution of compositions/properties across 
one hot-pressed specimen, and La=0.33 data are from the 
Ce2.67Lao. 33 Te 4 sample. 



TEM was undertaken to examine particle size in the 
compositions Ce3Te4 and Ce2.67Te4. After hand-grinding 
the hot-pressed samples in a He glove box, the samples 
were found to contain particles that were composed of 
many smaller, crystalline grains. Both the average parti- 
cle size and average crystallite size are found to be smaller 
in the x = 0.33 sample than in the x = sample. Average 
area(long-dimension) of the particles were observed to be 
0.45 um 2 (0.95 /im) for x = and 0.17/im 2 (0.65 /mi) for 
x = 0.33. For the powders viewed, the grain size in the 
x = sample was found to be ^50 nm in length as com- 
pared to a grain size of ~10nm for the x — 0.33 sample, 
though some particles were observed to contain grains as 
large as 500 nm. Grain sizes obtained by Scherrer analy- 
sis using X'Pert HighScore Plus were ^105 nm for x = 
and ^120 nm for x — 0.33 (not considering instrument 
broadening or strain). 



B. Transport Properties 

The room temperature transport properties are sum- 
marized in Table lU The trends observed are consis- 
tent with previous studies on R^- x Ch^ compounds, and 
the data for a;=0 are consistent with the literature.^ 
i?3_ x C/i4 compounds can be considered to be doped 
semiconductors, where the composition determines the 
'extrinsic' doping level with (l-3ir) electrons per formula 
unit in the conduction band. As a result, the carriers are 
not expected to freeze-out like in traditional doped semi- 
conductors where carriers may or may not form impurity 
bands. This is confirmed via Hall coefficient (Rh) mea- 
surements, which revealed n-type conduction and rela- 
tively little temperature dependence as illustrated by the 
Hall carrier densities (njj=l/ Rhs) shown in Figure^. 
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TABLE II. Summary of properties in polycrystalline Ce3_2,Te4. Effective moments /U e // were obtained assuming nominal 
compositions for Ce content, and fit results for both high temperature (HT = 30-300 K) and low temperature (LT = 10-30 K) 
are shown. Curie temperatures Tq were defined as the mid-point of the steep rise in the induced moment upon cooling in an 
applied field of 50 Oe. Debye temperatures were obtained by fitting the heat capacity data between 20 and 200 K to the Debye 
model. 



composition 


symbol 


Uh 


P 




a 




Me// (HT) 


Me// (LT) T c 


Od 






10 21 cm" 


3 mQ cm 


cm 2 /V/s 


/LtV/K 


m e 


A«s/Ce 


/xs/Ce 


K 


K 


Ce 3 Te 4 


o, x = 


4.6 


0.34 


4.0 


-22 


3.0 


2.52759 


1.6922 


3.7 


159.8 


Ce2.85Te4 


O, x = 0.15 


1.8 


0.53 


8.4 


-31 


2.3 


2.48874,2.58844 


1.747 


4.0 




Ce 2 .75Te 4 


U,x = 0.25 


0.84 


0.91 


8.2 


-35 


1.5 


2.55788 


1.8128 


2.6 


168.17 


Ce2.67Te4 


V, x = 0.33 




3.5xl0 4 




-530 




2.55139 


1.6678 




172.633 


Ce2.67Lao.33Te4 A, La=0.33 


4.94 


0.30 




-21 


3.0 


2.67596 


1.697 


2.9 


157.08 


La3Te4 


X 




0.36 




-21 




2.67596 






178.076 



As expected, the values of nn are relatively temperature 
independent and trend with cerium content. 

The electrical resistivity p of Ge^-x^A samples in- 
creases with increasing temperature for x < 0.25, as 
shown in Figure [3^,. For the x = 0.25 sample, a small 
upturn in p is observed at low temperatures, possibly due 
to Anderson localization.^ Trends with composition are 
clear and as expected. It has been pointed out that the 
electrical resistivity is perhaps the most 'sensitive indica- 
tor of composition' in these R^-xTe^ materials (assuming 
similar syntheses).^ 

As observed in Figure|3jD, the Seebeck coefficients a are 
small in magnitude and negative in sign, consistent with 
the expected and observed carrier densities. The magni- 
tudes of a decrease with decreasing temperature, which 
is typical for itinerant electrons with a relatively fixed 
concentration. The magnitudes also trend nicely with 
composition at room temperature. Effective mass m* 
values have been calculated from the Seebeck and Hall 
coefficients, under the assumption of a simple parabolic 
band with a carrier relaxation time that is limited by 
acoustic phonon scattering. The results are summarized 
in Table |TlJ and the values for the x — composition are 
consistent with previous reports. The decreased m* at 
lower uh is expected from the electronic structure,^ and 
was also observed in ha^-xTe^ For instance, consider 
the theoretical plot of a versus nn in La3_ x Te4 (Fig. 4 in 
Ref.0). 

Slightly unusual temperature dependences of a are ob- 
served, which are likely due to the existence of multiple 
conduction bands within a few tenths^ of an electron volt 
of the conduction band edge. Specifically, in the x = 
and La = 0.33 samples a small plateau exists from ^50 
to 90 K. This feature is also observed, albeit less pro- 
nounced, in La3Te4. For the x = 0.25 sample, an appar- 
ent enhancement in a is observed near room temperature, 
and this is most likely associated with the probing of the 
heavy conduction bands as the thermal energy increases 
for this composition. 

Above ~150K, the temperature dependence of the 
electrical resistivity (Fig. [3^) is somewhat weaker than 
typically observed in metals or doped semiconductors. 
In this temperature range, the Hall mobility is described 
by a simple power law pn oc T y with —0.45 < y < —0.3. 




50 100 150 200 250 300 
T(K) 

FIG. 3. (a) Electrical resistivity and (b) Seebeck coefficient 
of Ce3_ a; Te4 samples show metallic behavior for samples with 
x < 0.3. Data for Ce2.67Lao.33Te4 and La3Te4 are also in- 
cluded. 



Similar behavior is observed for p(T) in La3Te4, and thus 
this behavior is not likely to be associated with moments 
on the magnetic Ce 3+ ions. In an extrinsically doped 
semiconductor where acoustic phonon scattering domi- 
nates the carrier mobility, simple parabolic band theo- 
ries predict — 1.5 < y < — 1, and when ionized impu- 
rities limit the mean free path y ~ +1.5. One could 
perhaps argue that the observed behavior is a competi- 
tion between these two common scattering mechanisms. 
Considering the energy scale relative to the Debye tem- 
peratures, which are observed to be on the order of 170 K, 
it also seems plausible that optical phonon scattering is 
important. At temperatures greater than the Debye tem- 
perature, the scattering of carriers by optical phonons 
leads to a value of y = —0.5.^ There is no clear trend in 
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FIG. 4. The electrical resistivity and Seebeck coefficient of 
the x — 0.33 sample are consistent with a very low extrinsic 
carrier concentration, with fits (solid curves) to the electrical 
resistivity yielding activation energies of 0.18 eV between 200 
and 300 K, and 0.0067 eV from 25 to 55 K. 



the experimental y with composition. This suggests that 
the vacancies are not strongly influencing the carrier mo- 
bility. The mobility is actually larger for the defect-rich 
x = 0.25 sample. This increase in pn may be due to 
the reduced effective mass at this carrier density, and the 
scattering of electrons by acoustic phonons also results 
in larger /i for lower carrier densities and lower effective 
mass. 

The electrical resistivity and Seebeck coefficient of 
Ce2.67Te4 are shown in Figure |4j For this near-insulating 
composition, the electrical resistivity displays activated 
behavior, with three distinct regions being observed. 
From 200 to 300 K, the data can be described by p — 
poExp[_E a /fcT] with an activation energy E a of ~0.18eV. 
If this behavior is related to the activation of electron- 
hole pairs across the energy gap, a band gap of E g — 
2E a «0.36eV is obtained. This is somewhat smaller 
than expected, as the band gap has been calculated to 
be 1.06 eVP At low temperatures, the activation energy 
decreases dramatically and there is a large temperature 
range where the data are not described by simple ac- 
tivated behavior. Between 25 and 50 K, the resistivity 
data can be described by activated conduction with an 
activation energy of 6.7 meV. Such a small activation en- 
ergy may be associated with a mobility edge, and rela- 
tively similar activation energies were obtained by Cutler 
and Mott when they investigated Anderson localization 
in Ce 3 _ x S 4 P 



The Seebeck coefficient of Ce2.67Te4 displays behavior 
typical of a lightly-doped semiconductor, and does not 
reveal any significant influence of minority-carrier com- 
pensation up to 200 K. At 300 K, though, the Seebeck 
coefficient may be reaching a maxima, which could then 
be related to the energy gap via E g —2ea max T max ^^ In- 
terestingly, using the a data at room temperature yields 
£■3=0.32 eV, which is close to the energy gap obtained 
from p(T) near room temperature. 

It has been proposed that the Ce /-levels result in a 
large peak in the density of states ~0.2eV above the 
Fermi level for Ce3Te4 (x = 0), and that this electronic 
structure may lead to very large thermoelectric efficiency 
at high temperatures.™ However, similar thermoelectric 
properties are observed in Ce 3 Te4 and La 3 Te4. While 
the results presented here only cover 300 K and below, 
it appears Zhuze et al. considered these materials at 
high temperatures and came to similar conclusions.^ 
Usually, band structure features that influence thermo- 
electric performance are observed at low temperatures 
because thermal disorder tends to broaden band struc- 
ture features at higher temperatures. Also, as the Fermi 
distribution function broadens with increasing temper- 
ature, the chemical potential in Ce3Te4 will move to- 
wards the conduction band edge (further from the peak 
in the density of states) . It seems unlikely that the high- 
energy / states will influence the transport in Ce3Te4 
more dramatically than in La3Te4, though high temper- 
ature measurements would be necessary to draw a final 
conclusion. It would be interesting to see the results 
of Boltzmann transport calculations on a first principles 
electronic structure, which would provide a nice compar- 
ison between these materials if correlations are properly 
considered. 

The thermal conductivity data are presented in Fig- 
ure [5] with the total measured (/Ctot) thermal conductiv- 
ity shown in Fig. [5^ and the calculated electronic contri- 
bution K e ie and lattice thermal conductivity Ki at shown 
in Fig.[5}3. Similar values are obtained for Ce3Te4 and 
La3Te4, and thus it appears the particular rare-earth ion 
has relatively little influence on the thermal conductiv- 
ity. The electronic contribution is significant by 100 K, 
especially for the most metallic samples, leading to an 
increase in K to t at high temperatures. This is one reason 
that zT does not optimize near the x = composition in 
R?,-xChi compounds. 

Both the total thermal conductivity and lattice con- 
tribution show a clear trend with rare-earth content, 
particularly at low temperatures. The low-temperature 
maximum is largest for the lowest rare-earth content, 
and smallest for the highest rare-earth content (high- 
est nn)- This is due to the scattering of phonons by 
electrons, which is generally large in high effective mass 
compoundsP^o] Vacancies (point defects) are more ef- 
ficient at scattering short-wavelength, optical phonons^ 
and thus generally do not dominate phonon transport at 
low temperatures where the optical phonons are frozen- 
out. As discussed above, the average grain size in the 
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FIG. 6. Temperature dependence of the induced moment M 
divided by applied field of 500 Oe suggests magnetic ordering 
occurs in all samples except for the x = 0.33 sample. The in- 
set shows the expected Curie- Weiss behavior of the magnetic 
susceptibility x at higher temperatures. 



x = 0.33 sample. 



C. Magnetism 



FIG. 5. The thermal conductivity of Ce3_ :E Te4 is relatively 
low, and the low temperature peak is found to increase with 
increasing cerium vacancy concentration. This trend with n 
reveals a strong scattering of phonons by electrons. 



insulating x = 0.33 sample is actually smaller than in 
the x = sample, and thus particle size is clearly not 
producing the observed trends. Also, the small change 
in the Debye temperatures (Table [ill) IS n °t enough to ac- 
count for such a large difference in the low temperature 
maxima. By high temperatures, phonon-phonon scat- 
tering dominates and the values of the lattice thermal 
conductivity begin to converge around 150 K. 

The lattice contributions shown in Fig.[5]3 were ob- 
tained via Ki a t=/ttot-^elej where K e ie is estimated via the 
Wiedemann-Franz law K e \ e =LT / p. The Lorenz numbers 
L were calculated assuming acoustic phonon scattering 
limits the carrier mean free path, and a single parabolic 
band model was utilized. This is certainly an approxima- 
tion, especially considering the complex band structure 
and scattering mechanisms in these materials. The calcu- 
lated values of L are all within 2% of the degenerate limit 
of 2.44xl0 _8 Wf2K~ 2 (due to the low temperature and 
relatively large carrier densities). These values are gener- 
ated after obtaining the electrochemical potentials from 
the experimental Seebeck coefficients using the same ap- 
proximations. A more detailed discussed of the parabolic 
band model utilized can be found in Ref. [221 Note that 
the electronic contribution is negligible for the insulating 



The magnetization data for Ce3_a;Te4 with x — 
0, 0.25, 0.33 and Ce2.67Lao.33Te4 (labeled La=0.33) are 
shown in Figures [6] and [7j The magnetization mea- 
surements suggest ferromagnetic ordering of Ce ions. 
While Ce moments often order antiferromagnetically, fer- 
romagnetic ordering of Ce moments is known to ex- 
ist in isostructural Ce3_ x S4p2l as well as in the cerium 
pnictides with the anti-Tli3P4 structure type, such as 
Ce 4 Bi 3 P 

The Curie temperature Tq generally decreases with de- 
creasing cerium content, as shown in Table [II) This long- 
range order is suppressed to below 2 K in the insulating 
x = 0.33 sample, as highlighted by the reduced moment 
M at low temperatures. The values of M/H nearly con- 
verge at low temperatures for the samples with higher Ce 
content (higher carrier densities). Similarly, the moment 
rises sharply with field at low T in the metallic samples 
(Fig.0s), but M(H) increases linearly for the insulating 
sample. 

The trends between the magnetization data and com- 
position suggest that long-range order is driven by 
RKKY-type indirect exchange via the conduction elec- 
trons. To isolate the effect of carrier concentration from 
the site disorder associated with cerium vacancies, a 
sample of nominal composition Ce2.67Lao.33Te4 was pro- 
duced. This sample has a high carrier concentration, as 
inferred from the low electrical resistivity, but Ce site dis- 
order similar to insulating Ce2.67Te4. As shown in Table 
|IH the Curie temperature is only slightly suppressed in 
this La-substituted sample. This confirms that the loss of 
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FIG. 7. Dependence of the induced moment on the applied 
field shown on two scales to reveal the (a) high field and (b) 
low field behavior for T < 10 K. The moment is clearly sup- 
pressed in the insulating x — 0.33 sample. Ce site disorder 
itself has little influence on the induced moment, as demon- 
strated by the La-substituted sample. 



free electrons is primarily responsible for the suppression 
of magnetic order in Ce2.67Te4. Small decreases in the 
electrical resistivity corresponding to the magnetic tran- 
sitions could be identified in the x = 0, 0.15 and La=0.33 
samples. 

In the metallic samples (x < 0.25, La=0.33), the mo- 
ment is nearly saturated at the highest fields, reaching 
~0.8-0.9/is/Ce at 6T. As discussed below, the heat ca- 
pacity Cp data for x — suggest the Ce ions are in a 
J=l/2 doublet state due to crystal field effects. A satu- 
ration moment of 0.71 /ip/Ce is expected for this doublet, 
and the slightly higher values observed are likely associ- 
ated with the population of higher energy states due to 
the applied fields. 

Above 30 K, the data are well described by a modified 
Curie- Weiss law, as suggested by the linear behavior of 
1 jx versus T in the inset of Fig.[6j The calculated effec- 
tive moments were generally near the 2.54/i^ expected for 
Ce 3+ (see Table [n]), revealing that the crystal field split- 
ting is small relative to the thermal energy in this temper- 
ature range. The Weiss temperatures were all negative, 
with values between -17.5 and -26.3 K obtained, suggest- 
ing antiferromagnetic coupling tendencies at higher tem- 




FIG. 8. The specific heat of Ce3Te4 reveals a strong anomaly 
associated with the ferromagnetic ordering of Ce moments 
near 4K, and the anomaly is suppressed to below 2K for 
Ce2.67Te4. 



peratures. Fitting the susceptibility data between 10 and 
30 K yields reduced effective moments (Table |ll|) consis- 
tent with the dominance of a doublet ground state, and 
Weiss temperatures were generally small and positive. 
The susceptibility data utilized to obtain these results 
were collected upon cooling in an applied field of 6 T. 



D. Specific Heat 

The specific heat capacity Cp of Cea-^T^ samples is 
shown in Figure [8j These measurements, which are per- 
formed in zero magnetic field, are highly sensitive to the 
ordering of Ce moments. As such, the suppression of 
the magnetic order with decreasing Ce content is clearly 
observed. For the fully-filled Ce3Te4 compound, a large 
peak in Cp is observed near 3.7 K. Only a weak up-turn 
in Cp is observed in the x = 0.33 sample, suggesting 
the magnetic order is suppressed to very low tempera- 
tures in this sample. This suppression of magnetic or- 
dering is primarily associated with the change of carrier 
concentration and not the cerium-site disorder. The rel- 
atively strong peak in the disordered, but electron-rich 
Ce2.67Lao.33Te4 confirms that indirect exchange is dom- 
inant in this system. 

The entropy change AS associated with the magnetic 
transition in Ce 3 Te4 was obtained by AS = f i g5 ^dT. 
The baseline for this integration was the heat capacity of 
La3Te4, and a 12 T magnetic field was applied to suppress 
the superconducting transition.^ For the x = sample, 
AS* was calculated to be ~4.7J/mol-Ce/K = 0.82RLn2 
(on a per mol cerium basis). This suggests the crystal 
field splitting leads to the J=l/2 doublet state for Ce 3+ , 
for which the expected entropy change would be RLn2. 
Similar behavior has been observed in Cea-a^P^l 

Debye temperatures 0£> were obtained by fitting the 
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specific heat capacity between 20 and 200 K to the simple 
Debye model, 

/ rp \3 i-Bd/T A y 

C = 9RN at (^) j j^dy. (1) 

Nominal compositions were utilized to estimate the num- 
ber of atoms per formula unit N at . The obtained values 
of 0d (Table [n]) trend with the cerium content, with 
lower Debye temperatures obtained for higher cerium 
content. Simil ar tren ds were also observed in Jj&3- x S4 
and La3_a;Te4j 12 l 25 * 26 l and this softening of the phonons 
is caused by the increased density of states at the Fermi 
energy as rare-earth content (or n) increases.^ The De- 
bye model does a fair job of describing the data be- 
low 50 or 80 K, and generally underestimates the data 
at higher temperatures for Ce3_ K Te4. The insulating 
x = 0.33 sample is better described at higher temper- 
atures. Therefore, the lack of an electronic component is 
likely the main reason for the discrepancy between Eqn. 
[T]and the data at higher temperatures. The dilation term 
that accounts for differences between the constant pres- 
sure measurement and the constant volume calculation is 
likely important at higher temperatures than those con- 
sidered here. The magnetic transitions prevent the low-T 
Debye temperature and Sommerfeld coefficients from be- 
ing obtained. 

IV. SUMMARY 

The compounds Ce3_ x Te4 are found to order ferro- 
magnetically at temperatures below ^4K, with the or- 



dering temperature generally decreasing with decreas- 
ing carrier density and/or cerium content. The mag- 
netic ordering is suppressed to below 2 K in the va- 
cancy rich, insulating Ce2.67Te4 composition. This trend, 
and the observation of magnetic ordering near 3 K in 
Ce2.67Lao.33Te4 reveal that RKKY indirect exchange 
drives the ordering of magnetic moments. Heat capacity 
and magnetic susceptibility measurements are consistent 
with a J=l/2 doublet at low temperatures due to crystal 
field splitting. The thermoelectric transport properties 
in Ce3Te4 are found to be similar to those of La 3 Te4 be- 
low room temperature. It seems unlikely that Ce^ x Tc^ 
compounds will have significantly greater thermoelectric 
performance than La3_^Te4 compounds at high temper- 
atures. 
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